Aims. We aim to investigate the physical and chemical properties of the molecular envelope of the oxygen-rich AGB star IK Tau. Methods. We carried out a millimeter wavelength line survey between ∼79 and 356 GHz with the IRAM-30 m telescope. We analysed the molecular lines detected in IK Tau using the population diagram technique to derive rotational temperatures and column densities. We conducted a radiative transfer analysis of the SO 2 lines, which also helped us to verify the validity of the approximated method of the population diagram for the rest of the molecules. We have also increased the number of rotational lines detected of molecules that were previously identified toward IK Tau, including vibrationally excited states, enabling a detailed study of the molecular abundances and excitation temperatures. In particular, we highlight the detection of NS and H 2 CO with fractional abundances of f (NS)∼10 −8 and f (H 2 CO)∼[10 −7 -10 −8 ]. Most of the molecules display rotational temperatures between 15 and 40 K. NaCl and SiS isotopologues display rotational temperatures higher than the average (∼65 K). In the case of SO 2 a warm component with T rot ∼290 K is also detected. Conclusions. With a total of ∼350 lines detected of 34 different molecular species (including different isotopologues), IK Tau displays a rich chemistry for an oxygen-rich circumstellar envelope. The detection of carbon bearing molecules like H 2 CO, as well as the discrepancies found between our derived abundances and the predictions from chemical models for some molecules, highlight the need for a revision of standard chemical models. We were able to identify at least two different emission components in terms of rotational temperatures. The warm component, which is mainly traced out by SO 2 , is probably arising from the inner regions of the envelope (at 8R * ) where SO 2 has a fractional abundance of f (SO 2 )∼10
Introduction
Asymptotic giant branch (AGB) stars are the main contributors to the interstellar medium (ISM) chemical enrichment. The physical conditions, that is, the high densities ( 10 12 cm −3 ) and temperatures (∼2000-3000 K), in their atmospheres allow the formation of stable molecules. All this molecular material is driven by the slow AGB wind creating a circumstellar envelope (CSE) that surrounds the star, up to regions where the interstellar UV field photodissociates the molecules. Carbon and oxygen are the two most abundant and reactive elements in the atmospheres and winds of AGB stars, after hydrogen. All the possible carbon monoxide, which is a very stable molecule, is formed and then depending on which element (carbon or oxygen) is in excess, other molecules will be formed. Hence, the chemistry in these objects mainly depends on the elemental carbon to oxygen ratio,
being O-rich ([C]/[O]<1), C-rich ([C]/[O]>1) or S-type stars ([C]/[O]∼1
) (e.g. Olofsson, 1996) .
Since the first detection of CO in the millimeter wavelength range toward the CSE of an AGB star (Solomon et al., 1971) , the observations of the molecular emission of CSEs in that wavelength domain have increased (e.g. Morris et al., 1975 , Bujarrabal & Alcolea, 1991 . These studies have been mostly focused on C-rich CSEs given that carbon is more chemically active than oxygen and, therefore, C-rich envelopes are expected and observed to display a large variety of different molecular species (e.g. Cernicharo et al., 2000 , Smith et al., 2015 . However, the number of studies in the millimeter wavelength range has increased in the last years, and these studies have evidenced that O-rich CSEs do also host a rich variety of molecules , Kim et al., 2010 , De Beck et al., 2013 , and references therein).
Our motivation is to observe and to study the molecular content of the oxygen-rich CSE IK Tauri which is one of the most studied O-rich CSEs, and is considered a reference of its class.
IK Tauri
IK Tauri (hereafter IK Tau), also known as NML Tau, is a Miratype variable star with a period of 470 days and a spectral type ∼M9 (Pesch, 1967 , Wing & Lockwood, 1973 , Alcolea et al., 1999 . This star was discovered by Neugebauer et al. (1965) and it is located at α(J2000)=3
h 53 m 28. s 87 and δ(J2000)=11
• 24 ′ 21. ′′ 7 (Cutri et al., 2003) . The distance to IK Tau was estimated to be 250-265 pc (Hale et al., 1997 , Olofsson et al., 1998 . The systemic velocity of the star with respect to the local standard of rest is V LSR sys ∼34 km s −1 (Kim et al., 2010 , and references therein). Its effective temperature is T eff ∼2200 K and the stellar radius is R * ∼2.5×10
13 cm (Decin et al., 2010a ). The star is surrounded by a an O-rich CSE, composed of dust and gas, which is the result of mass loss at a rate that has been estimated by different methods. Neri et al. (1998) (Kim et al., 2010) . The terminal expansion velocity of the CSE is ∞ ∼18.5 km s −1 as measured from De Beck et al. (2013) and references therein. The size of the CSE depends on the molecule used to trace it out. Bujarrabal & Alcolea (1991) gave a halfintensity diameter of θ 1/2 ∼16-17 ′′ measured for 12 CO J=1-0 and 12 CO J=2-1 emission detected with the IRAM-30 m telescope. Kim et al. (2010) measured a θ 1/2 ∼20 ′′ for 12 CO J=3-2 with the Atacama Pathfinder EXperiment (APEX) telescope. Recent observations with the Plateau de Bure Interferometer (PdBI), showed that 12 CO (J=1−0) displays a θ 1/2 ∼18 ′′ (CastroCarrizo et al., 2010) . Also, HCN J=1−0 was observed with the Owens Valley millimeter-array by Marvel (2005) , displaying a size of θ 1/2 ∼3.
′′ 85. The size of the SiO v=0 J=2−1 emission is θ 1/2 =2.
′′ 2±0. ′′ 1 as determined with PdBI (Lucas et al., 1992) . Finally, the emission of several lines of PN and PO has been mapped with the SubMillimeter Array (SMA), with θ 1/2 0.
′′ 65 (De Beck et al., 2013) .
The O-rich CSE around IK Tau displays maser emission of OH, H 2 O, and SiO (Lane et al., 1987 , Bowers et al., 1989 , Alcolea & Bujarrabal, 1992 , Kim et al., 2010 . It also shows thermal molecular emission of 12 CO, 13 CO, SiO, 29 SiO, 30 SiO, OH, SiS, HCN, HC 3 N, H 2 S, SO, SO 2 , NaCl, H 2 O, H 2 17 O, H 2 18 O, NH 3 , CS, CN, PO, PN, AlO, and tentatively, HNC (Lindqvist et al., 1988 , Omont et al., 1993 , Bujarrabal et al., 1994 , Kim et al., 2010 , Decin et al., 2010b , Justtanont et al., 2012 , De Beck et al., 2013 . Some of the molecules observed up to date in IK Tau have been compared with chemical models and their line emission analysed with radiative transfer models (Willacy & Millar, 1997 , Duari et al., 1999 , Cherchneff, 2006 , Kim et al., 2010 , Decin et al., 2010a , Danilovich et al., 2016 , Gobrecht et al., 2016 , Li et al., 2016 . Nevertheless, most of the reported abundances in previous studies were derived from the analysis of a moderated number of lines (e.g. Milam et al., 2007 , De Beck et al., 2013 . Additionally, discrepancies remain between the predicted abundances and the observations, for example for SO 2 (Decin et al., 2010a , Gobrecht et al., 2016 .
This paper
In this article we report the millimeter wavelength survey between ∼79 and ∼356 GHz carried out with the IRAM-30 m telescope toward IK Tau, which allowed us to detect rotational lines of 34 different species (including isotopologues). We detected for the first time in this source HCO + , NS, H 2 CO, and NS, as well as several isotopologues of previously identified molecules, such as C 18 For molecules with previous detections reported in the literature, we increased significantly the number of transitions observed, which is needed for a robust estimate of the excitation conditions and molecular abundances. We report the results of our analysis based on population diagrams, used to derive rotational temperatures and column densities. We also estimated fractional abundances which have been compared with values derived from previous observations and with predictions by chemical models. In the particular case of SO 2 , we performed a radiative transfer calculation to study the excitation conditions of the ∼90 lines detected with more detail. This suggests that this molecule is rather abundant not only in the intermediate and outer envelope but also in the inner, hotter and more dense regions of the CSE, where we estimate an average fractional abundance of ∼10 −6 (with respect to H 2 ). This radiative transfer model also allowed us to verify the validity of the population diagram analysis for the rest of the species detected.
Observations
The observations presented in this paper correspond to a sensitive millimeter-wavelength (∼79-356 GHz) survey carried out with the IRAM-30 m telescope toward the CSEs of two O-rich evolved stars, IK Tau and OH231.8+4.2, during several observing runs from 2009 to 2014. Partial results from the survey toward OH 231.8+4.2 are reported in Sánchez Contreras et al. (2014 and Velilla Prieto et al. (2013 .
We used the heterodyne Eight MIxer Receiver (EMIR) working at four different wavelengths bands: E090=3 mm, E150=2 mm, E230=1.3 mm, and E330=0.9 mm (Carter et al., 2012) . This receiver system was operated in single-sideband (SSB) mode for the E150 band and in dual sideband (2SB) mode for bands E090, E230, and E330. Two polarizations -horizontal and vertical -were available per sideband. The typical EMIR value image band rejection is approximately -14 dB or better, this implies that the peak intensity of a line entering through the image band is only 4 % of its real value. We verified this value for the image band rejection measuring the relative intensities of strong lines that appear both in the signal and image bands.
Four different backends or spectrometers were connected to each receiver depending on their availability: the WIde Lineband Multiple Autocorrelator (WILMA), the fast Fourier Transform Spectrometer (FTS), the VErsatile SPectrometer Array (VESPA) and the 4 MHz spectrometer. The capabilities of these spectrometers and their usage are summarised in Table 1 .
The observational technique used was the wobbler switching with a single pointing toward the position of the source (see Notes. (Col. 2) Spectral resolution; (Col. 3) spectral resolution in velocity units, the highest velocity resolution (the first number of the range) corresponds to 356 GHz and the lowest resolution to 79 GHz; (Col. 4) instantaneous bandwidth in each polarization; (Col. 5) EMIR bands observed with the corresponding spectrometer.
Sect. 1.1) and a wobbler throw of 120 ′′ in azimuth. We configured different setups (tuning steps) to observe both polarizations simultaneously until we covered the total frequency range available for each EMIR band. We selected a small overlap between adjacent setups to ensure a uniform calibration across the bands. During the observations we checked regularly the pointing and focus of the antenna every ∼1.5 and ∼4 h, respectively, on strong nearby sources. On-source integration times per setup were ∼1 h. Calibration scans on the standard two loads + sky system were taken every ∼18 min using the atmospheric transmission model (ATM) adopted by IRAM-30 m (Cernicharo et al., 1985 , Pardo et al., 2001 . Errors in the absolute flux calibration are expected to be < ∼ 25%. The data reduction, analysis and also most of the graphic representation were done using the GILDAS 1 software package. The standard procedure followed to reduce the data and obtain the final spectra consists of the flagging of bad channels, the flagging of low-quality scans, the baseline substracting, and finally, the averaging of individual scans.
The output spectra obtained from the antenna are calibrated in antenna temperature (T A * ), which can be converted to main 1 GILDAS is a world-wide software to process, reduce and analyse astronomical single-dish and interferometric observations mainly. It is maintained by the Institut de Radioastronomie Millimétrique (IRAM). See http://www.iram.fr/IRAMFR/GILDAS beam temperature (T mb ) and brightness temperature (T B ) according to:
where η is the main beam efficiency, bf f is the beam-filling factor, B eff is the main-beam efficiency of the antenna, F eff is the forward efficiency of the antenna, θ s is the size (diameter) of the emitting region of the source, and θ b is the half power beamwidth (HPBW) of the main beam of the antenna. See Table 2 for a summary of the relevant telescope parameters. The half power width of the main beam can be approximated, using the values in Table 2 , to a good accuracy by the expression:
and the inverse of the main beam efficiency can be fitted (see Fig.1 ) using the parameters in Table 2 , to obtain:
Observational results
Our results are based mainly on the spectra obtained with WILMA and FTS given their better spectral resolution and bandwidth. The data obtained with the 4 MHz spectrometer were used to check the edges of the setups that were only observed with WILMA, given that the 4 MHz bandwidth is slightly larger than the bandwidth of WILMA, but it has the same bandwidth than that of the FTS (see Table 1 ). VESPA data were used only to check certain line profiles. However, only WILMA was available to cover the full EMIR wavelength range. For example, FTS was not avaliable in the E150 band at the epoch of the observations and also some technical issues prevented us from use the FTS with the E090 band. The spectra of the full mm-wavelength survey carried out with IRAM-30 m toward IK Tau with the WILMA and the FTS spectrometers can be seen in Fig. 2 and also in more detail in Table 3 we show a summary of the observational results. 
Line identification
For the line identification, we used the public line catalogues from the Cologne Database for Molecular Spectroscopy (CDMS, Müller et al., 2005) and the Jet Propulsion Laboratory (JPL, Pickett et al., 1998) , together with a private spectroscopic catalogue that assembles information for more than five thousand spectral entries (atoms and molecules, including vibrationally excited states), compiled from extensive laboratory and theoretical works (the MADEX code, Cernicharo, 2012 . We established the detection limit at ≥5σ with respect to the integrated intensity for well detected features, and between 3σ and 5σ for tentative detections, although, these tentative detections may be more reliable when they belong to well-known species that have been identified through other stronger lines.
We detected ∼450 spectral features in the spectra of IK Tau, ∼90 % of which are lines in the signal side band of the receivers.
Of the ∼400 signal band features, ∼350 lines have been unambiguously identified with rotational transitions of 34 different species (including vibrationally excited states), which are reported in Table A.1 and Table A .2, along with some of their spectroscopic parameters and their fitted parameters. The rest of the lines (∼35) remain unidentified, although, we proposed a tentative identification for some of them (see Table B .1).
There were several lines that we assigned to spurious features produced in the receivers in the range 167475-174800 MHz (Table B. 2). These spurious features are symmetrical replicas at both sides of certain strong real emission lines, with the intensities of the replicas decreasing with the frequency distance to the real feature. We show in Fig. B .1 an example of this problem. The features of the image band and the spurious features were blanked in the final data.
We 
Data analysis

Line profiles
Most of the lines show profiles that can be reasonably well fitted with the so-called shell profile provided by the software CLASS 2 :
where A is the area under the profile, ν o is the central frequency, ∆ν is the full width at zero intensity, and H is the horn to centre ratio. The expansion velocity ( exp ) can be related to the ∆ν of a line through the expression:
where c is the speed of light. In the case of a spherical CSE, there are several typical line profiles which are commonly found: U-shaped, parabolic, flattopped, gaussian-like or triangular. Each type of profile has a particular interpretation in terms of the size of the emitting region compared to the θ b of the telescope, the optical thickness of the line, and the kinematical properties of the gas responsible of the spectroscopic feature (e.g. Zuckerman, 1987 , Habing & Olofsson, 2004 . All these profiles are described to a good accuracy by the shell function described before in Eq. (6).
In Fig. 4 we show a sample of the line profiles observed. Most of the lines display profiles that match one of the types mentioned before, although, some profiles are complex and have to be considered carefully in the analysis. We also observed lines that are significatively narrower and more intense than the average, that is, they show maser like spectral profiles (see Fig. 4 bottom-right panel). For the sake of consistency we used the shell profile described in Eq. (6) to fit all the lines detected, even for the narrow lines since that should give us an approximated idea of the characteristic velocity in the regions of the wind ac- celeration. The aim of the fit is to estimate the centroids and linewidths, however, the velocity integrated intensities given in Table A.1, Table A.2, and Table B .1 were obtained integrating the whole line profiles. The line profiles observed are discussed in detail for each detected molecule in Sect 6.
Population diagrams and fractional abundances
Using the population diagram technique (Goldsmith & Langer, 1999) , we derived rotational temperatures and column densities averaged in the emitting region of the molecules detected. These values were derived using the following equation:
where N u is the column density of the upper level, g u is the degeneracy of the upper level, W is the velocity-integrated intensity of the line, k B is the Boltzmann constant, ν is the rest frequency of the transition, S ul is the line strength, µ is the dipole moment of the molecule, N is the total column density, Z is the partition function, E u is the upper level energy of the transition, and T rot is the rotational temperature. The results of the populations diagrams are reported in Sect. 5.2 and Appendix D. This method relies on local thermodynamical equilibrium (LTE), optically thin emission, as well as an uniform rotational temperature for the gas shell, and it permits the analysis of all the molecules using a homogeneus criteria. Also, the size of the emitting region for each molecule has to be known to account for the proper dilution of the emission. We have adopted approximate sizes of the emitting regions of θ s ( 12 CO, 13 CO)=18 ′′ which is a representative value for the sizes measured in Bujarrabal & Alcolea (1991) , Castro-Carrizo et al. (2010) , and Kim et al. (2010) . We also adopted the sizes θ s (HCN,H 13 CN)=4 ′′ (Marvel, 2005) , θ s =2
′′ for SiO isotopologues (Lucas et al., 1992) , and θ s 0.
′′ 7 for PO and PN (De Beck et al., 2013) . Similar values have been also used for these molecules by Kim et al. (2010) . For the rest of the molecules, which have not been mapped, we assumed emitting region sizes according to observational constraints, previous estimations, or predictions by radiative transfer and chemical models. These values are given in Table 5 and discussed in Sect. 6. We note that the adopted sizes are uncertain for some molecules and also that the emitting region size may vary for each transition of a given molecule. In general, an underestimation of the size of any emitting region will cause an underestimation of the beam filling factor (see Eq. (3)) and, thus, an overestimation of the abundance, and vice versa.
There are additional sources of uncertainty in the values derived from the population diagrams. In particular, the kinetic temperature (T kin ) throughout the CSE is not expected to be constant. This effect is less important for the molecules whose emission arises from regions with very uniform physical conditions (inner layers, photodissociation layers, etc.), and it must be more important for species whose emission extends through the whole envelope, such as probably SO 2 , for which we did a more detailed radiative transfer analysis (see Sect. 4.3) .
In the population diagrams, we have included lines (unambigously identified and unblended) with fluxes above 5σ. For those molecules well known to be present in the envelope of IK Tau, we have also included lines with 3-5σ detections. In the case of molecules with a hyperfine structure that cannot be spectrally resolved with the spectral resolution achieved, that is, CN, NS, and NO, we measured the total integrated intensity of the blend of the hyperfine components and we calculated the sum of the strength of the hyperfine components to compute their population diagrams. In the case of H 2 S we fitted together the lines of the ortho and para species due to the scarce number of lines detected for each species individually.
We . Some of these lines are masers and their populations are expected to strongly deviate from a Boltzmann distribution. Also, the intensity of the lines of these molecules may vary with the stellar pulsation phase and, given that the observations spread over a period of time of approximately five years, the excitation conditions may have changed along the observational runs (see Sect. 6.1).
The fractional abundances averaged in the emitting region for the molecules detected are calculated using the following equation:
where f (X) and N(X) represent the fractional abundance (with respect to H 2 ) and column density of the molecule analysed, respectively. N( 13 CO) is the column density that we derived from the 13 CO population diagram, and f ( 13 CO)=1.4×10 −5 (Decin et al., 2010a) .
Radiative transfer model: MADEX
MADEX (Cernicharo, 2012 ) is a radiative transfer code which is able to operate under LTE and large velocity gradient (LVG) approximation (Goldreich & Kwan, 1974) . It solves the radiative transfer problem coupled with statistical equilibrium equations to derive the radiation field and populations of the levels on each point of a gas cloud. Then, the emergent profile of the lines is obtained through ray-tracing.
We used MADEX to calculate line opacities, excitation temperatures, and critical densities for the physical conditions expected at a given distance from the star, that is, n(r) and T kin (r) (see Table 4 ), along with the column densities derived from the population diagrams (given in Table 5 ), and the exp derived from the line fitting (given in Table A .1) for all the molecules detected. We systematically used this procedure to compare the line opacities obtained from the interpretation of the line profiles and to verify if a given molecule could be sub-thermally excited or not. These calculations are detailed in each subsection of the Sect 6. The sets of the collisional coefficients used for these calculations (when available) are: CO (Yang et al., 2010) , SiO (Dayou & Balança, 2006) , H 2 O (Daniel et al., 2011) , HCN (Ben Abdallah et al., 2012) , CS , SiS (Toboła et al., 2008) , NaCl (Quintana-Lacaci et al., 2016) , SO , PN (Toboła et al., 2007) , CN (Lique & Kłos, 2011) , HCO + (Flower, 1999) , and H 2 CO (Schöier et al., 2005 , and references therein). We also obtained synthetic spectra that helped us to correctly identify the spectral features.
As it is shown in Sect 5.2, the detected SO 2 transitions have a large span in energies (i.e. from 7.7 up to 733.4 K). The population diagram analysis of this molecule indicates that it is possibly tracing out an inner region of the CSE, with a T kin 290 K which is not observed for other molecules, and also a more external region with T rot ∼40 K from where most of the emission of the rest of the molecules arises. To investigate more precisely the excitation conditions of SO 2 and to confirm or not the temperature stratification inferred from the population diagrams, we have performed a detailed radiative transfer calculation for SO 2 . Our main goal is to investigate the presence of SO 2 in the innermost regions of the CSE.
The physical model consists on a spherical expanding envelope of dust and gas with a constant mass loss rate, similar to the model presented in Agúndez et al. (2012) but corrected for IK Tau (see Table 4 ). The radius of the star is 2.5×10 13 cm (Decin et al., 2010a) . The density of particles is calculated with the law of conservation of mass, that is, n ∝ r −2 (valid for a CSE expanding at constant velocity). In terms of exp , the envelope is divided in three regions: (i) from 1 to 5 R * where exp =5 km s as an average value in this region (Decin et al., 2010b) , (ii) from 5 to 8 R * where exp =10 km s −1 according to the dust condensation radius (Gobrecht et al., 2016) , and (iii) from 8 R * to the end of the CSE where exp =18.5 km s −1 (see Sect. 5.1). Concerning dust, we adopted a dust-to-gas ratio of 1.3×10 −4 for the region (i), a value of 1.2×10 −3 for region (ii) and a value of 2.3×10 Table 4 ). The optical properties of the silicate dust and the size of the grains (0.1 µm) have been adopted from Suh (1999) . For the microturbulence velocity we adopted the values given in Agúndez et al. (2012) for the C-rich CSE IRC+10216. We used different SO 2 abundance profiles (see Fig. 5 ) in order to investigate the presence of warm SO 2 in the inner regions of the CSE. For the calculations we used a set of collisional coefficients which are described in Appendix E. The results of the radiative transfer model are shown in Fig. 11 and discussed in Sect. 6.5.1.
Results
Here we present the general results from the analysis, which are summarised in Table 5 and Fig. 6 .
Expansion velocity
The terminal expansion velocity of the CSE ( ∞ ) can be estimated from the linewidths of the spectral features that arise from the outer (r>8R * , Gobrecht et al., 2016) envelope regions where the gas has been fully accelerated to this maximal velocity. We estimated the ∞ from the 13 CO linewidths (see Table A .1) given that 13 CO emission certainly extends beyond the wind acceleration region, and the line profiles display a clear U-shaped profile (see Fig. 3 ) and, thus, no significant opacity broadening is expected (Phillips et al., 1979) . Assuming a mean density of n(H 2 )=10 5 cm −3 , and the temperature and column density given in Table 5 , the highest opacity measured with MADEX is τ=0.13 for the 13 CO J=3-2 line. We derived ∞ =18.6±1.2 km s −1 which is in good agreement with previous measurements (e.g. De Beck et al., 2013) .
Most of the rest of the lines detected display linewidths consistent with ∞ like for example SiS (see Table A .1, Table A .2 and Fig. 7 ). In the particular case of H 2 CO, we stacked the lines with K=0, K=1, and K=2 to confirm that H 2 CO linewidths are consistent with exp = ∞ (Fig. 8 ). There are also several lines with linewidths larger than ∞ , due to a blend of several hyperfine components (as occurs for NO and NS), or a poor fitting for lines detected below 5 σ.
Additionally, the lines with E u 160 K, that is, the lines of vibrationally excited states (Table A. 2), H 2 O, PO, NaCl, and several high-E u SO 2 lines, have line profiles indicative of exp 10 km s −1 , consistent with emission from the inner regions of the CSE where the gas is still being accelerated (r<8R * , i.e. ∼2×10
14 cm −2 , Decin et al., 2010b , Gobrecht et al., 2016 . In order to obtain a more reliable estimate of the NaCl linewidths, we stacked the lines with (group 2), and exp =11.8±1.1 km s −1 (group 3). Therefore, it seems that exp < ∞ at least for the lines of the group 3, that is to say, the high-E u lines.
There are also some lines with low E u (<200 K) which appear to have expansion velocities of ∼10 km s −1 (e.g. SO 2 , see Fig. 7 ). Such low values of the exp were measured for weak SO 2 lines with low S /N, thus, the linewidths observed in their profiles are uncertain.
Rotational temperatures, column densities and fractional abundances
The population diagrams for all the molecules detected are shown in Appendix D, in Fig. D .1-D.13. Most diagrams display a linear trend, however, the population diagrams of, for example, SiO, 29 SiO, or SO, display departures from a linear behaviour, which are more notable for low J transitions (see e.g. Fig. D .2). These departures are discussed in detail in Sect. 6 and they reflect the effect of optically thick emission and/or sub-thermal excitation. For SO 2 we see two different trends for lines below and above E u =160 K. We fitted both separately and their implications are explained in Sect. 6.5.1.
The rotational temperatures derived range from 9 K (for CN) to 290 K (for the warm component of SO 2 ), with most of the molecules displaying rotational temperatures between 15 K and 40 K (see Fig. 6 ). The column densities range from 1.3×10 17 cm −2 for 12 CO, down to 2.6×10 13 cm −2 for NS. We obtained averaged fractional abundances using the Eq. (9), which range between >1.1×10 −4 for 12 CO, down to 2.3×10 −8 for NS. We calculated the isotopic ratios of the molecules for which several isotopologues were detected. Results are presented in Table 6 and discussed in Sect. 6.10. Table 5 .
6. Discussion: an overall picture of the whole envelope
Variability
The excitation mechanisms of the lines are a mix of collisional and radiative procceses, where the radiation emitted by the central star has an impact on the population of the rotational levels (e.g. H 2 O Agúndez & Cernicharo, 2006) . Since AGB stars are variable with periods of one to two years, the net excitation mechanism for those molecules is variable and the results obtained from the analysis of the molecular lines of AGB CSEs could be affected by this variability. In the case of O-rich stars, the impact of radiative pumping effects on masers is well-known (e.g. Nakashima & Deguchi, 2007) . Thermal line observations of CSEs have also to be considered carefully in the sub-millimeter and far-IR domain, while for the millimeter wavelength range, specially for low-J lines, the variation of the stellar light has not a major impact (Cernicharo et al., 2014) . Given that our observations spread over a period of approximately five years, we Results from the population diagrams, sorted according to the molecular fractional abundance (relative to H 2 ) in descending order.
>8.0×10 1.3×10 Willacy & Millar (1997) . ( †) Value given in Table 6 in Decin et al. (2010a) . ( ‡) See Sect. 6.5.1.
observed a few spectral ranges at different epochs and here we discuss the results observed.
For the spectra observed at different epochs we observed intensity variations of less than 25% for the rotational lines of the ground vibrational levels. This value (i.e. 25%) was taken as the calibration uncertainty (see Sect. 2), and considered in the results presented throughout this work (Fig. 9 left) . However, we observed strong intensity variations (>25%) for several lines, like for example the SiO v=1 J=7-6, (see Table A .2 and Fig. 9 ). These strongly variable lines correspond to rotational transitions of vibrationally excited states with exp 10 km s −1 , which arise from very inner regions of the CSE. The excitation mechanism of these lines may be correlated with the stellar phase, thus, it is not possible to extract any information of their abundances. In Table A .2 we present the fit parameters for these vibrationally excited and maser lines, where we included the mean julian date of the observation and, in case that the feature was observed in different epochs, multiple measurements of that spectral feature.
O-bearing molecules
CO is the most abundant molecule in IK Tau (after H 2 ). It is distributed along the whole CSE with a size of ∼[7-8]×10
16 cm (see Sect. 1.1). The 12 CO J=2-1 and 12 CO J=3-2 lines display parabolic profiles typical of optically thick lines, while the 12 CO J=1-0 line, all the 13 CO lines, and the C 18 O lines show U-shaped profiles typical of optically thin lines (Fig. 3) . The emission of all the CO isotopologues is probably spatially resolved considering the typical beam size (Table 2 ) and the shape of the line profiles. The population diagrams of 12 CO and 13 CO hint small departures from a linear trend, owing to high optical depth and/or sub-thermal excitation (Fig. D.1) . The results can be seen in Table 5 We used MADEX to estimate the opacities of the CO lines (using the T kin , the exp derived from the linewidhts, the column density derived from the population diagram, and the n(H 2 ) density at the outer radius of the shell according to the equation Table A .2. For those lines that were observed in different epochs, we adopted an average value of the different measurements for the exp and its uncertainty. given in Table 4 ). With these input parameters, MADEX predicts that the 12 CO J=2-1 and the J=3-2 lines are moderately thick (τ 1.4), while the J=1-0 line is optically thin (τ∼0.2). This is consistent with CO tracing the coolest, outermost layers of the CSE and 13 CO probing also regions deeper inside. Table 5 , should be considered lower limits. The lower limit obtained, f (SiO)>8.0×10 −6 , is in good agreement with previous measures (Decin et al., 2010a, and references therein) , and, in principle, is also consistent with the low SiO abundances predicted by the model by (Gobrecht et al., 2016) that proposes the formation of SiO in abundance under thermodynamical equilibrium (TE) in the stellar photosphere, and a significant abundace decay (to 1.5×10 −5 ) already at 6R * mainly due to dust condensation.
C-bearing molecules
We detected emission of molecules, like CS, HCN and HNC, that are typically found in C-rich CSEs (e.g. Bujarrabal et al., 1994 , Cernicharo et al., 2000 , Zhang et al., 2009 ).
According to Marvel (2005) , the HCN emission arises from a compact region with θ s ∼4 ′′ , which we adopted in this work. For CS, there are no observational constraints on the size of the emission, therefore, we adopted a size of θ s =2
′′ which is the same size used for SiO and it is consistent with the extent of the CSE emission predicted by chemical models (Li et al., 2016) . Adopting these sizes we obtained T rot (HCN)∼10 K and T rot (CS)∼25 K, and N tot (HCN) 8×10 14 cm −2 and N tot (CS)∼9×10 14 cm −2 (Fig. D.3 and Fig. D.4) .
Using MADEX, we found optically thick lines (τ 1.5) for HCN, and moderately thick lines (τ 1.2) for H 13 CN. Therefore, the column density and the abundance of HCN should be considered as lower limits. In the case of CS isotopologues, with the physical conditions expected at r∼1 ′′ , MADEX predicted optically thin lines (τ 1.0). Finally, given that T kin (r 1 ′′ ) 100 K, the lines of HCN and CS isotopologues are most likely subthermally excited.
The rotational temperatures and abundances derived for HCN and CS isotopologues (see Table 5 ) are consistent with previous measurements in IK Tau (Lindqvist et al., 1988 , Kim et al., 2010 . The HCN abundance is in the high end of the abundance range deduced by Schöier et al. (2013) in a sample of Mtype AGB stars. The TE models for O-rich CSEs do not account for the HCN and CS abundances observed in O-rich CSEs, predicting values of f (HCN)∼10
−11 and f (CS)∼10 −10 (Duari et al., 1999 , Gobrecht et al., 2016 . The inclusion of shocks can contribute to enhance the formation of HCN in O-rich stars (Duari et al., 1999 , Cherchneff, 2006 , Gobrecht et al., 2016 , but it also brings up a theoretical homogeinity on the expected HCN abundances among different chemical types of stars that it is not observed, as noted by Schöier et al. (2013) . Other authors invoked the photochemistry to try to explain the abundances of C-bearing molecules observed in O-rich CSEs (Nercessian et al., 1989 , Ziurys et al., 2009 ). In particular, the chemical model of Willacy & Millar (1997) predicts peak abundances of f (HCN)∼1×10
and f (CS)∼3×10 −7 , although the carbon source proposed by these authors is CH 4 which has been later on refuted (Marvel, 2005) . Additionally, it has been also proposed that CSEs could be clumpy, hence, photochemistry could be important also in the inner layers of the envelopes (Agúndez et al., 2010) . Our results do not conclude clearly which is the most likely scenario, although, our derived abundances are more similar to those predicted by the models of Gobrecht et al. (2016) .
Finally, we detected two HNC lines, in particular, the J=1-0, and the J=3-2 line, which is blended with the image of the SiO J=6-5 line. We estimated f ∼8×10 −9 , assuming an excitation temperature of ∼30 K and a size of 2 ′′ for the emitting region, which are average values for these parameters.
Refractory species
We confirmed the presence of two important refractory molecules which are mainly found in C-rich envelopes: SiS and NaCl. The emission of these molecules has not been mapped in previous studies and, therefore, the size of the emitting region is unknown. The NaCl line profiles, with exp ∼14 km s −1 , are narrower than those of SiS, consistent with exp ∼18.5 km s −1 , which suggests a more inner distribution of NaCl around the star (see Fig. 7 ). This molecule may condense onto the dust grains beyond the dust condensation radius, as proposed by Milam et al. (2007) . The profiles of the lines of NaCl and SiS isotopologues indicate spatially unresolved emission, which is compatible with the gaussian-like profiles observed in the case of NaCl, and the triangular or parabolic profiles observed for the SiS isotopologues. Moreover, the gaussian-like profiles observed for NaCl may support that the emission of this molecule arises from the innermost regions of the CSE, where the gas has not been fully accelerated.
We adopted a size of θ s =2 ′′ for SiS isotopologues, as a first guess considering the emission size of SiO (θ s =2 ′′ ). This size is also consistent with the size predicted by recent chemical model of IK Tau (Li et al., 2016) . For NaCl we adopted a size of θ s (NaCl)=0.
′′ 3 . We derived similar rotational temperatures for SiS and NaCl (i.e. T rot ∼65 K) even higher for 29 SiS, 30 SiS, and Si 34 S (see Fig. D .5 and Fig. D.6 ). According to the size adopted for SiS (i.e. r 4×10 15 cm), we estimated T kin 105 K, and n(H 2 ) 3.5×10 5 cm −3 . For the size adopted for NaCl (i.e. r 6×10 14 cm), we estimated T kin 330 K. Hence, SiS and NaCl are most likely sub-thermally excited. We estimated critical densities for the SiS lines of n crit ∼[10 4 -10 6 ] cm −3 for a temperature of ∼105 K, therefore, n n crit for several lines of SiS confirming sub-thermal excitation. For NaCl the critical densities expected are even higher, n crit 5×10 7 cm −3 , due to the high dipole moment of NaCl. MADEX predicted optically thin lines for both SiS (τ<0.6) and NaCl (τ<0.3).
We derived f (SiS)∼5×10 −6 . This value is in good agreement with the estimations by Kim et al. (2010) under TE and up to ∼3×10 −7 including dust condensation and shocks due to the pulsation of the star, which is at least one order of magnitude lower than our results. Willacy & Millar (1997) used SiS in their chemical models as a parent molecule with an abundance consistent with our observations (see Table 5 ).
Concerning NaCl, Milam et al. (2007) derived a rotational temperature and a column density consistent with our results. However, Milam et al. (2007) derived a fractional abundance ∼80 times lower than ours, through the population diagram of two low S /N NaCl emission lines, and also a radiative transfer calculation using the code by Bieging & Tafalla (1993) , with a set of SiO-corrected collisional coefficients. We detected 13 NaCl lines which cover a wide range in E u and have better S /N, from which we derived an average fractional abundance of f (NaCl)=3×10 −7 (see Table 5 and Fig. D.6 ). We cannot rule out uncertainties in our estimation due to the emitting size, and the 13 CO column density adopted, which could not be representative in the region of NaCl emission. Moreover, NaCl line profiles are not incompatible with θ s (NaCl) 0.
′′ 3, in particular, if θ s (NaCl)=1
′′ we would derive f (NaCl)=3×10 −8 . TE calculations predict abundances of 10 −11 up to 10 −7 (Tsuji, 1973 , while Gobrecht et al. (2016) 
models (TE and shocks) predicts NaCl abundances between 4×10
−12 up to 1×10 −8 . It would be necessary to obtain maps of the NaCl spatial distribution in order to clarify these discrepancies.
S-bearing molecules
Here we discuss the detected emission of H 2 S, SO, and SO 2 . The first detection of these molecules toward IK Tau and their chemistry in O-rich CSEs was presented in Omont et al. (1993) and references therein. Omont et al. (1993) only detected one line of H 2 S, and they were not able to estimate its abundance toward IK Tau. The emission of SO and SO 2 molecules in Orich CSEs, including IK Tau, has been recently reviewed and modelled by Danilovich et al. (2016) .
We detected three ortho and one para lines of H 2 S as well as one line of o-H 2 34 S, which point out exp ∼ ∞ . The profiles of the lines indicate spatially unresolved emission. Since there are not maps of the H 2 S emission, we adopted a size of θ s (H 2 S)=2 ′′ which is consistent with the size predicted by chemical models (Li et al., 2016) . Given that we only detected two lines of o-H 2 S with S /N>5, we calculated the population diagram (Fig. D.7 ) of ortho and para species together adopting an ortho-to-para ratio of 3:1 which is the value that could be expected from the formation processes of H 2 S. We derived T rot ∼40 K and f (H 2 S)∼1×10
−6 . This value is consistent with the chemical models presented by Fig. 9 : Plot of the variability of some of the lines observed. The observation dates which correspond to the spectra are shown in the top right corner of each box with its corresponding colour. The spectral resolution is 2 MHz. As discussed in Sect. 6.1, variations of up to a 25% are within the uncertainties of the calibration, pointing and baseline substraction (i.e. left boxes). Variations of intensity higher than a 25% are observed in vibrationally excited lines or masers (i.e. right boxes). Gobrecht et al. (2016) at a few stellar radii. We found that the lines of H 2 S are likely to be sub-thermally excited at the distances adopted for the H 2 S emission (r 1 ′′ ). However, we did not made further non-LTE calculations due to the lack of a set of collisional coefficients for H 2 S. Under LTE conditions, MADEX predicts optically thin lines (τ<0.6).
The profiles of the SO lines observed are varied (see Fig. 10 ). Most of them are flat-topped (optically thin and spatially unresolved emission), some of them display parabolic profiles (optically thick or moderately thick emission) and a few SO lines display profiles which seem to be composed of two components, at least: one dominant flat-topped or parabolic component with linewidths consistent with ∞ , and an additional narrow feature which may indicate SO gas inside the gas acceleration region. These two components are more clearly seen in several SO 2 lines (Fig. 11) which display a broad component plus a bulge-like centred narrow component, which we interpreted as SO 2 emission arising from r<8R * (see Sect. 6.5.1). Nevertheless, we have not detected high-E u SO narrow lines or two different trends in the SO population diagram (see below) which could prove a very inner component of warm SO gas (contrary to SO 2 as discussed in Sect. 6.5.1). Thus we have no firm evidence that could prove the presence of warm SO gas in the innermost regions of the CSE with a noticeable abundance. Finally, the 34 SO flat-topped (optically thin emission) profiles yield also exp ∼ ∞ .
The brightness distribution of SO has not been mapped before, thus, we adopted a size of θ s (SO)=2
′′ as well as for 34 SO, according to the models by Li et al. (2016) . The population diagrams ( Fig. D.8 We derived abundances of f (SO) 8×10
and f ( 34 SO)∼8×10 −7 . The abundance measured of SO is at least a factor three higher compared to previous observational works toward IK Tau (Omont et al., 1993 , Bujarrabal et al., 1994 , Kim et al., 2010 . On the other hand, TE models predict abundances of f (SO)∼[2-4]×10 −8 (Duari et al., 1999 , Gobrecht et al., 2016 . Willacy & Millar (1997) derived peak abundances up to f (SO)∼9×10
−7 with a chemical model for an O-rich CSE that used only H 2 S and SiS as parent S-bearing molecules.
Compared to these models, our derived abundance is at least nine times higher than the highest value obtained from the models. Our analysis seems to overestimate the SO abundance compared to previous measurements and chemical models. These dicrepancies may be explained given the uncertainty on the size of the SO emitting region adopted, and the f ( 13 CO) adopted (see Eq. (9)). In particular, a size of θ s (SO)∼5
′′ would fix this discrepancy.
6.5.1. SO 2 and 34 SO 2
We detected ∼90 lines of SO 2 displaying complex profiles which can be grouped according to their exp : (i) ∼60 lines with exp ∼18 km s −1 consistent with the ∞ of the CSE, and (ii) ∼30 lines with exp < ∞ , with velocities as low as ∼5 km s −1 (see Fig. 7 ). The lines of SO 2 display parabolic profiles, flat-topped profiles, and complex profiles. Several lines display a selfabsorption in the blue side of the line (see Fig. 11 ). This selfabsorption may be explained considering that part of the SO 2 emission arising from the inner and warm shells of the CSE, is absorbed by the external and cold shells of the CSE, which are located (within the line of sight) between us and the warm gas. The narrow lines seem to be spatially unresolved, although, for the lines that have exp ∼ ∞ it is not clear whether they are spatially resolved or not. Most of the 34 SO 2 lines show flat-topped profiles indicative of spatially unresolved emission.
The rotational diagram of SO 2 was done adopting an emission size of θ s (SO 2 )=2
′′ , which should be considered as an educated guess derived from the chemical models by Li et al. (2016) . From the population diagram of SO 2 (Fig. D.9 ) we observed also two components, a cold component with T rot ∼40 K traced out by ∼60 lines with E u 160 K and a warm component with T rot ∼290 K traced out by ∼30 lines with E u >160 K. The cold component displays a slight change in the trend for the lines with E u 50 K which may be explained as a result of moderate optically thick emission for those lines and/or sub-thermal excitation. Using Eq. (9) we derived f (SO 2 ,cold) 9.6×10 −6 and f (SO 2 ,warm) 2.7×10 −6
. For 34 SO 2 we derived a T rot ∼35 K and f ( 34 SO 2 )∼9.6×10 −7 . As we said in Sect. 4.3, the SO 2 lines detected span over a wide range of energies, thus, the parameters derived from the population diagram may be unreliable given that the homogenous temperature assumption may turn out to be a very crude approximation. We carried out several LVG models adopting different radial abundance profiles (see Sect. 4.3 and Fig. 5 ). As it is discussed below, the different abundance profiles were adopted mainly to illustrate the need of the presence of warm SO 2 at r<8R * in order to reproduce the profiles of the high-E u lines. The results of the radiative transfer models are shown in Fig. 11 for several lines of SO 2 .
The first model (red line in Fig. 5 and Fig. 11 ) reproduces to a good accuracy the profiles of the narrow high-E u (i.e. E u >160 K) lines observed. However, it is unable to reproduce the line profiles of the low-E u (i.e. E u <160 K) lines, underestimating their emission completely. We created a second model (blue line in Fig. 5 and Fig. 11 ) which reproduces, within a factor two in intensity, most of the low-E u SO 2 lines observed. However, this model is unable to explain the narrow profiles of the high-E u SO 2 lines, predicting wide flat-topped lines or even no emission for these high energy lines. We may note, that the fractional abundance adopted for this second model is approximately a factor five lower than the abundance derived from the population diagram of the SO 2 cold component. If the abundance is increased up to a value consistent with the population diagram results for the cold component (i.e. f (SO 2 )=9.6×10 −6 ), the model highly overestimates the line profiles observed. This discrepancy may arise from the lack of precise information about the spatial distribution of SO 2 toward the CSE.
Finally, we tested the possibility of SO 2 being distributed as a sum of two components, in particular, the sum of a compact inner component plus an extended component with a shell-like enhancement in the outermost part of the CSE, in order to reproduce the whole set of SO 2 lines observed with a single radial abundance profile. This last model (green line in Fig. 5 and Fig. 11 ) is able to approximately reproduce both the low-and high-E u SO 2 lines observed, although, it does not reproduces perfectly all the line profiles. The discrepancies found between this best model and the observations are within a factor two or three in intensity for most of the lines observed. This disagreement emerges probably from the lack of precise information about the spatial distribution of SO 2 . The radial abundance profile adopted for the model is consistent, within a factor two or three in intensity, with the results obtained from the population diagram for the SO 2 warm and cold components. Additionally, the best model predicts both optically thin and optically thick lines which is consistent with the variety of profiles observed.
Hence, we can conclude that SO 2 is distributed along the CSE with an average fractional abundance of f (SO 2 )∼10 −6 . Our models evidenced the presence of an inner (1-8R * ) warm ( 290 K) component of SO 2 with fractional abundances ∼10 −6 , which produces most of the emission from SO 2 lines with E u 160 K. This is also consistent with the narrow profiles of the high-E u SO 2 lines. Nevertheless, our model is not able to reproduce the complexity observed in the profiles, which probably indicates the simplicity of the approximated physical model. In particular, the outer radius of the SO 2 cold component is critical to control the expected intensities of the low-E u lines, which we adopted from the chemical model by Li et al. (2016) . Therefore, it would be necessary to map the brightness distribution of this molecule in order to constrain the outer radius of SO 2 emission. High angular resolution observations are also required to map the innermost regions of the CSE, since the distribution of SO 2 in the region between 1-20R * would improve the results obtained not only for the high-E u lines but also for those lines that display a narrow core component (e.g. SO 2 7 3,5 -7 2,6 in Fig. 11 ).
Previous works toward IK Tau pointed out SO 2 abundances in the intermediate and outer envelope consistent with our results (Omont et al., 1993 , Kim et al., 2010 , Decin et al., 2010a . Decin et al. (2010a) hinted the presence of SO 2 in the inner wind, since they were not able to reproduce with their radiative transfer model simultaneously the emission of a few lines with E u ∼140 K detected with APEX and the low-E u transitions observed with the IRAM-30 m telescope. Given the limited number of high-E u lines detected by Decin et al. (2010a) , these authors were unable to reach conclusive results on the presence of SO 2 in the inner wind of IK Tau and its abundance. Recent research was conducted to investigate one SO 2 line with E u ∼600 K detected with Herschel/HIFI as well as other SO 2 lines reported in the literature toward IK Tau with a radiative transfer model by Danilovich et al. (2016) . Their best-fit model has a peak abundance of f (SO 2 )=2×10 −6 and an e-folding radius R e =10 16 cm, although, it is unable to reproduce all the SO 2 observed line profiles as indicated by these authors.
TE models predict the formation of SO 2 in the photosphere of the star with abundances of f (SO 2 )∼10
−11 (Tsuji, 1973 , Gobrecht et al., 2016 , which is approximately five orders of magnitude lower than our results. Willacy & Millar (1997) pre- dicted a peak abundance of f (SO 2 )∼2×10 −7 in the intermediate and outer parts of the CSE, at r∼10 16 cm (i.e. ∼500 R * ), and f (r 3×10 15 cm) 10 −10 , where they used H 2 S and SiS as the Sbearing parent molecules of the model. This chemical model is also inconsistent with our results given that they do not predict the formation of SO 2 in the inner parts of the CSE and the abundance in the intermediate and outer parts is aprroximately two orders of magnitude lower than our measures. In the recent chemical model presented by Li et al. (2016) , the authors explore the effect of including SO 2 as a parent molecule. In the absence of a reliable observational estimate of the SO 2 abundance in the inner envelope, these authors adopt f (SO 2 )=2×10 −6 , which is the value estimated from low-E u SO 2 transitions arising in the outer envelope regions (Decin et al., 2010a) . In the innermost parts of the envelope (r<8R * ) the SO 2 abundance can be enhanced up to f (SO 2 )=4×10 −9 including the effect of shocks and dust grains (Gobrecht et al., 2016) . These authors suggest that the production of SO triggers the formation of SO 2 at ∼4R * in the gas phase through the reaction with OH. Although, the SO 2 abundance obtained with the inclussion of shocks is approximately two or three orders of magnitude lower than our estimates. Photochemistry may also enhance the formation of SO 2 in the inner layers of the CSE, which would require an additional source of UV radiation to dissociate H 2 O providing OH to react with the SO formed leading to the enhancement of SO 2 . This could be plausible if the envelope of IK Tau is clumpy, as proposed for other objects (Agúndez et al., 2010) .
N-bearing molecules
Besides HCN, HNC, and PN, which are discussed in other sections, we detected CN, NS, and NO. The CN lines with unblended hyperfine components have widths consistent with exp = ∞ within errors. The spatial distribution of CN in IK Tau is unknown. CN has been observed in the outer shells of the Crich CSE IRC+10216 (Lucas et al., 1995) , and chemical models predict that it is formed as a result of the photodissociation of HCN and HNC in these outer shells (e.g. Nejad & Millar, 1988) . Given that the HCN size is θ s (HCN)=3.
′′ 85, CN would be expected to be in a shell external to the HCN. According to the chemical model by Li et al. (2016) , the CN peak abundance occurs at r∼1.5×10 16 cm. We converted the area between the HCN outer shell and the CN abundance peak to an equivalent emitting size, obtaining θ s (CN)∼6
′′ . With this size, we calculated the population diagram of CN (Fig. D.10) . We estimated T rot =9±2 and N tot ∼1×10 14 cm −2 . At r∼1.5×10 16 cm, T kin is ∼50 K and n(H 2 )∼2×10 4 cm −3 , thus, CN lines are probably sub-thermally excited (n crit 10 6 cm −3 ). With these physical con-ditions MADEX predicted optically thin lines. We estimated f (CN)∼1×10 −7 which is consistent with previous estimations (Kim et al., 2010) . Chemical models predict abundances up to 3×10 −7 (Willacy & Millar, 1997 , Li et al., 2016 , which are also in good agreement with our observations.
As far as we know, our discovery of NS emission toward IK Tau is the first detection of this molecule in this source. Given that we did not resolve its hyperfine structure we cannot extract information on the line profiles observed. There are not observational constraints on the emission size of this molecule. According to the chemical model by Li et al. (2016) , which predicts that NS would be formed through the neutral-neutral reaction of NH and S in an external shell of the envelope, similar to the CN shell, we adopted a θ s (NS)∼6
′′ . With this size, from its population diagram (Fig. D.11 ), we derive a T rot =18±2 K and a column density of (2.6±0.5)×10 13 cm. As for CN, the lines of NS may be sub-thermally excited. Since, we have not a set of collisional coefficients for NS we could neither estimate the opacities of the lines nor their critical densities. A rough estimation under LTE conditions with MADEX yields optically thin lines (τ<0.1). We derived an abundance of f (NS)∼2×10 −8 . The chemistry of NS in O-rich CSEs was discussed in Willacy & Millar (1997) , although, these authors did not give a value for the predicted NS abundance. Recently, chemical models by Li et al. (2016) 
predicted f (NS)∼8×10
−9 , which is (within uncertainties) consistent with our results.
For NO, we only detected two lines with low S /N. One of them is a blend of several hyperfine components. For the NO hyperfine component spectrally resolved we derived exp = ∞ . We estimated a rough value of the NO abundance adopting θ s ∼6 ′′ (like for CN and NS), and an excitation temperature of 30 K, which is representative of the T kin in the outer shells of the CSE (r∼[2-5]×10 16 cm). With these considerations, we obtained f (NO)∼2×10 −6 , in agreement with the predictions of the chemical model by Li et al. (2016) .
P-bearing molecules
PN and PO were detected for the first time toward IK Tau by De Beck et al. (2013) , and we detected one additional line of PN, and seven additional lines of PO. Concerning PO, which has hyperfine structure, we observed several spectrally resolved (as well as unresolved) lines with linewidths consistent with exp ∼9 km s −1 . This suggests that PO emission lines arise from r<8R * . De Beck et al. (2013) mapped the brightness distribution of both PN and PO toward IK Tau, and found θ s 0.
′′ 7. With this size we calculated the rotational diagram of both molecules (Fig. D.12) , and we derived low rotational temperatures (T rot ∼20 K), N tot (PN)∼8×10 14 cm −2 and N tot (PO)∼2×10 15 cm −2 . The low T rot deduced for PN and PO is probably indicative of sub-thermal excitation since at the inner wind layers (<0.7 ′′ ) where the emission is produced, the gas kinetic temperature is expected to be well above 200 K. We used our radiative transfer code (see Sect. 4.3) to confirm our results. MADEX predicted optically thin (τ 0.4) and sub-thermally excited lines for PN. In the case of PO, MADEX predicted optically thin (τ<0.1) PO lines, under LTE approximation given that there is not a set of PO collisional coefficients available. We derived f (PN)∼7×10 −7 and f (PO)∼2×10 −6 , which are consistent with previous estimates considering uncertainties (De Beck et al., 2013) .
Concerning chemical models, these P-bearing molecules are adopted as parent molecules and their abundances are assumed from observations of the inner region of the CSE (De Beck et al., 2013 , Li et al., 2016 . TE calculations predict abundances for PN compatible with our results, and one order of magnitude lower than our measurements for PO (Tsuji, 1973 , Agúndez et al., 2007 , Milam et al., 2008 .
HCO
+
We detected the J=1-0 line of the HCO + ion. The J=3-2 line was not detected probably due to an unsufficient sensitivity. The J=2-1 and the J=4-3 lines lie in wavelength ranges that were not observed. The flat-topped profile of the HCO + J=1-0 line indicates exp ∼ ∞ , optically thin, and spatially unresolved emission. We estimated a very rough value of the f (HCO + ) adopting an emission region and an excitation temperature equal to those adopted for NO (see Sect. 6.6) since both molecules are expected to be formed in the outer shells of the CSE. With these values, we obtained f (HCO + )∼10 −8 . According to chemical models, this molecule is formed efficiently in the outer layers of O-rich CSEs as a result of reactions that involve CO, H 2 O, and their photodissociation products, with abundances consistent with our results (Willacy & Millar, 1997 , and references therein).
The organic precursor missing link to carbon chemistry:
H 2 CO This is the first detection of the organic precursor molecule H 2 CO toward IK Tau. We detected ortho and para lines with flattopped profiles, indicating optically thin and spatially unresolved emission, even for the lines at high frequencies with θ b ∼8 ′′ (see Eq. (4)). We adopted a size of θ s (H 2 CO)=2 ′′ , which is an educated guess, taking into account that most of the molecules detected are expected to emit in that region of the CSE.
In the population diagram of H 2 CO (see Fig. D.13 ), the K a =0, K a =1, and K a =2 ladders were fitted separately. For K a =2 only two data were collected. The average rotational temperature indicated by the fits of the different K a ladders is ∼10 K. For the K a =3 ladder we only detected two lines with the same upper energy level, therefore, we adopted an average excitation temperature of ∼10 K to derive a rough value of the K a =3 column density. Formaldehyde is an asymmetric rotor with its dipolar moment oriented along the a axis. Therefore, transitions between different K a levels are weakly connected through radiative processes. This explains why each of the K a ladders appears as separated lines in the rotational diagram. The column densities derived result in an ortho-to-para ratio of ∼3:1, which has been computed dividing the sum of the K a =1 and 3 (ortho transitions) by the sum of the K a =0 and 2 (para transitions) column densities (see Fig. D.13 ). The total column density is N tot (H 2 CO)∼3×10 14 cm −2 . Adding both o-H 2 CO and p-H 2 CO, we obtained a fractional abundance of f (H 2 CO)∼2×10 −7 . In this case, MADEX predicted optically thin lines (τ<0.3) and subthermal excitation which is consistent with T kin (r=1 ′′ )>T rot . The origin of formaldehyde, as well as other C-bearing species, in O-rich envelopes has puzzled the scientific community since H 2 CO was first detected in the O-rich CSE OH231.8+4.2, with a fractional abundance of 4×10 −8 (Lindqvist et al., 1992 , Charnley et al., 1995 . Millar & Olofsson (1993) proposed a formation route which requires methane to produce formaldehyde in the external envelope with abundances up to 10 −7 depending on the mass loss rate of the star. Methane is a highly symmetric molecule with no permanent dipole, thus, indirect evidence for the presence of methane can be provided by the search of expected products of CH 4 chemistry, such as C 2 H and CH 3 OH. A previous search for these molecules toward IK Tau and other O-rich CSEs has resulted in non-detections of C 2 H ( f (C 2 H)<9.7×10 −9 ) and methanol ( f (CH 3 OH)<3.2×10 −8 ) (Charnley & Latter, 1997 , Marvel, 2005 . We also did not detect emission of these molecules consistent with the upper limits provided by Marvel (2005) . If the correct scenario were that H 2 CO is formed in the outer envelope, the size adopted for the calculation of the population diagram would result in an abundance overestimate. In that case, assuming θ s =6 ′′ , like for CN, NS, or NO, we derive an abundance of f (H 2 CO)∼2×10 −8 . Furthermore, a clumpy envelope may lead to an enhanced photochemistry in the inner layers of the CSE, which result in the formation of carbon molecules in the inner and intermediate layers of Orich CSEs, and in particular formaldehyde with f (H 2 CO)∼10 −9 (Agúndez et al., 2010) .
Isotopic ratios
Isotopic ratios of different species can be measured from the column densities derived in the rotational diagrams (see Table 6 ). However, these ratios have to be considered as lower limits when the molecule used to calculate the ratio has optically thick lines. In case that the opacities are moderately high, the isotopic ratio can be corrected using the approach by Goldsmith & Langer (1999) .
For 12 C/ 13 C ratio, we measured values of eight to ten depending on the molecule used (i.e. CO, CS or HCN). The opacity correction yielded a 12 C/ 13 C ratio of ∼10 from CO. This value is in good agreement with that obtained by Ramstedt & Olofsson (2014) (Decin et al., 2010b) .
The opacity corrected isotopic ratios of 28 Si/ 29 Si and 28 Si/ 30 Si are ∼18 and ∼34, respectively. Both isotopic ratios are (within uncertainties) in reasonable agreement with previous estimations toward IK Tau (Decin et al., 2010a) (2009)). Therefore, it seems that in the case of IK Tau, Si isotopic ratios do not indicate significant alterations in the postmain sequence evolution.
Finally, we measured the isotopic ratio of 32 S/ 34 S using SO, SiS, SO 2 , and CS obtaining values between 10 and 13. We corrected the effect of optically thick emission and we estimated a 32 S/ 34 S ratio of ∼15. As far as we know, there are no previous observational constraints to this isotopic ratio toward IK Tau. The solar 32 S/ 34 S ratio is ∼22 (Asplund et al., 2009) . Recently, Danilovich et al. (2016) reported [ 32 S/ 34 S]∼32 toward the O-rich CSE of R Dor. Both, Sun and R Dor isotopic ratios are, within uncertainties, compatible with our estimations.
Qualitative comparison with other O-rich objects
The molecular content of only a few O-rich CSEs has been studied so far. In particular, the best studied objects are the AGB CSE IK Tau, the CSE of the hypergiant VY CMa and the peculiar object OH231.8+4.2 (Alcolea et al., 2013 , De Beck et al., 2013 , Matsuura et al., 2014 .
IK Tau has, in terms of chemical composition, more similarities with VY CMa. AlOH and H 3 O + are the only molecules present in the CSE of VY CMa that are not found in the CSE of IK Tau. Formaldehyde is found in the CSE of IK Tau but it is not found in the CSE of VY CMa. Regardless of the possible chemical processes at work in the CSE of IK Tau, the presence of CO, CN, CS, HCN, HNC, HCO + , and H 2 CO in IK Tau indicates that the emission of C-bearing molecules in VY CMa is not so unique (Ziurys et al., 2009 The remarkable chemistry of OH231.8+4.2 probably reflects the molecular regeneration process within its envelope after the passage of fast (∼100 km s −1 ) shocks that accelerated and dissociated molecules in the AGB wind ∼800 yr ago . In IK Tau there is no evidence of a similar molecular destruction process by fast (∼100 km s −1 ) velocity shocks. Instead, slower shocks due to stellar pulsation may have an impact on the chemistry of AGB CSEs (Gobrecht et al., 2016) . However, the fact that these molecules are not observed toward IK Tau point out that slow shocks are not able to enhance the formation of these particular species, which are unexpectedly abundant in OH231.8+4.2 . Nevertheless, slow shocks could enhance the formation of molecules like HCN or CS (see Sect. 6.3). Another difference with respect to OH231.8+4.2 is that IK Tau displays emission of NaCl and more intense lines of vibrationally excited SiO (Velilla Prieto et al. in prep.) . The emission of these lines arises from very warm and inner regions of the CSE. The absence of NaCl and the weakness of the vibrationally excited SiO lines toward OH231.8+4.2, probably indicates that the mass loss rate of OH231.8+4.2 is decreasing at present (as suggested by Sánchez Contreras et al., 2002) , which results in the progressive growth of a central cavity around the star.
Conclusion
In this work we present the detection toward IK Tau of ∼350 rotational lines corresponding to a list of H-, O-, C-, N-, S-, Siand P-bearing molecules, which evidences an active chemistry for an O-rich AGB CSE.
We detected for first time in this source emission of HCO + , NO, H 2 CO, and NS. We also detected for the first time toward IK Tau rotational lines In addition, we significantly increased the number of lines detected for those molecules that were previously identified toward IK Tau. This has allowed us to deduce characteristic values of the rotational temperatures, column densities, and ultimately fractional abundances of the molecules present in its envelope. From our work we extract the following conclusions:
-The intensity of the rotational lines of molecules in the ground vibrational state do not show a significant variability as a function of time, for the spectral ranges that we could observe in different epochs. The small variations found for these lines can be explained owing to calibration or pointing uncertainties within a 25%. We confirmed the time variability of the intensity of the lines of molecules in vibrationally excited states (e.g. SiO v = 1) by an average factor of 60%.
-Most of the molecules display rotational temperatures between 15 and 40 K. NaCl and SiS isotopologues display rotational temperatures of ∼65 K. -We detected a warm component of SO 2 traced out by lines with upper energy levels between 160 and 730 K which display exp < ∞ . This points out that SO 2 is present close to the stellar surface ( 8 R * ) with an abundance of f (SO 2 )∼10 −6 . -Among the species detected, we highlight the detection of H 2 CO and NS for the first time in this source with abundances of f (H 2 CO)∼[10 −7 -10 −8 ] and f (NS)∼10 −8 . We also estimated fractional abundances for the first time detected (toward IK Tau) molecules HCO + and NO obtaining f (HCO + )∼10 −8 and f (NO)∼10 −6 . -The detection of several C-bearing species like HCN, CS, H 2 CO or CN with abundances of ∼10 −7 indicates an active carbon chemistry which is not expected given that most of the available carbon should be locked up into CO.
-The greatest discrepancies between our results and previous chemical models are found for PO, NaCl, and SO 2 .
It would be necessary to obtain very high angular resolution observations to characterise the molecular emission in the inner parts of the CSE and the abundances and distribution of the molecules formed in this region. Further investigation is required to understand the nature of the discrepancies found between our derived values and chemical models, in particular, the discrepancies for S-bearing molecules and C-bearing molecules. The inclusion of photo-induced or shock-induced chemistry or maybe other processes is necessary to enhance the formation of these molecules up to values comparable to the abundances observed. Additionally, there are ∼40 lines that still remain unidentified. We expect that future observations, supported by improvements in the molecular catalogues and chemical models, lead to fully understand the envelope of IK Tau and, more generally, in O-rich AGB envelopes. Table B .2). Several symmetrical spurious replicas of the real SiO J=4-3 line appear at both sides of it (equidistant). The intensities of the replicas decrease with the frequency distance to the real feature. We fitted simultaneously the ortho and para species adopting an ortho-to-para ratio of 3:1 (Decin et al., 2010a ). The line o-H 2 S J, K a , k=4 1,4 -3 2,1 significantly outlies the fit probably owing to its low S /N, therefore, it has been excluded from the diagram. We show the results from the fits of the rotational ladders K a =0 (red), K a =1 (blue), and K a =2 (green). For the K a =3 (pink) we adopted as rotational temperature the average of the rotational temperatures of the K a =0, 1, and 2 ladders to estimate a rough value for the K a =3 column density. 
